Investigation on the room temperature strain rate sensitivity using depth sensing nanoindentation is carried out on precursor derived HfO 2 /Si-C-N(O) ceramic nanocomposite sintered using pulsed electric current sintering. Using constant load method the strain rate sensitivity values are estimated. Lower strain rate sensitivity of ∼ 3.7 × 10 −3 is observed and the limited strain rate sensitivity of these ceramic nanocomposites is explained in terms of cluster model. It is concluded that presence of amorphous Si-C-N(O) clusters are responsible for the limited flowability in these ceramics. C Specific polymer derived ceramics (PDCs) exhibit excellent thermo-mechanical properties and significant oxidation and creep resistance.
1-3 Henceforth, these materials have been considered for various structural and functional applications in small scale appliances such as in micro-electromechanical-systems (MEMS) and in printed sub-100 nm structures. [4] [5] [6] Therefore an understanding of the deformation mechanism at very small length scales is important. Recently, depth sensing nanoindentation technique is being used as an effective technique for the understanding of elastoplastic behavior of PDCs at small length scales. [7] [8] [9] Upon indentation these polymer derived ceramic (PDC) materials were observed to undergo plastic deformation owing to the large hydrostatic pressure under the indenter tip. 10 During constant load holding segment a change in the indentation depth is commonly observed in most of the material systems, which is referred to as the indentation creep at room temperature. The effect of this indentation creep is to reduce the hardness value due to the increase in displacement occurring at the maximum load. Among the several methods 11, 12 suggested for the measurement of indentation creep, the model developed by Mayo et al. 13, 14 commonly known as constant load (CL) method, is extensively used for the understanding of indentation creep and estimation of the strain rate sensitivity. The advantage of this method is that the strain rate sensitivity can be determined from a single indentation. 15 Besides a few studies on the plastic deformation of PDCs, the effect of time dependent deformation on PDCs are limited. For instance, investigation on the creep response of Si-C-N PDCs was reported by Janakiraman et al. 16 Hence, for a comprehensive understanding of the influence of indentation creep, a detailed study was carried out by determining strain rate sensitivity in HfO 2 /Si-C-N(O) ceramic nanocomposites.
The present study focuses on the determination of room temperature strain rate sensitivity of precursor derived ceramics by using a depth sensing nanoindentation technique. ceramic also produced through the same route. The cluster model proposed by Ohkawara et al. 17 was used to explain the difference in the estimated values with other PDCs.
HfO 2 /Si-C-N(O) ceramic nanocomposites were synthesized by the thermolysis of hafnium alkoxide modified polysilazane at 1300 o C respectively for 2 h in Ar atmosphere. For comparison silicon oxycarbide ceramics were also synthesized and for this polyhydridomethylsiloxane was used as the starting precursor. Polyhydridomethylsiloxane, and hafnium n-butoxide were purchased from Sigma Aldrich, India whereas, polysilazane was purchased from Clariant, Germany. The detailed synthesis procedures of each of these materials were discussed elsewhere. [18] [19] [20] The thermolysed ceramics were ground and sieved to fine powders of particle size less than 125 μm. Henceforth, the powder particles were sintered and pellets of ∼ 20 mm diameter and ∼ 4 mm thickness were produced using a pulsed electric current sintering machine (Sumitomo Coal Mining Co. Ltd, Japan). The sintering parameters were reported in Ref. 21 . The pulsed electric current sintered Si-O-C at 1400 and 1500
• C will be hereafter referred to as SiOC1400 and SiOC1500 respectively, whereas Si-Hf-C-N(O) at 1400 and 1500
• C will be referred to as SiHfCNO1400 and SiHfCNO1500 respectively. Nanoindentation studies were carried out using a Hysitron Triboindenter (USA) with a load and displacement resolution of 0.1 μN and 0.2 nm respectively at room temperature. A standard Berkovich indenter was used and the area function calibration was achieved by performing 25 indentations on fused silica supplied by the instrument manufacturer. Accordingly, the area function of the indenter used is given by Eq. (1)
(1) where, h c is the maximum contact depth. Five indentations were taken at a constant load of 10 mN and the average values of strain rate sensitivity were reported for each of these ceramics. The loading and unloading rates were kept constant at10 mN/s and a holding time of 10 s was maintained throughout. 11, 22 Time dependent deformation of HfO 2 /Si-C-N(O) ceramic nanocomposites ceramics were determined by monitoring the depth change as a function of holding time. The creep displacements (h) as a function of holding time (t) at a maximum load of 10 mN are exemplified in Fig. 1 and were deduced by taking the difference between incremental displacement occurring during the load holding time and initial displacement at the beginning of holding time. The starting points of holding time and displacement were aligned to zero to facilitate comparison between the values. From Fig. 2 it can be inferred that the rate of increase of creep displacement was higher initially (stage 1) and finally a steady state was reached (stage II). Moreover, Si-O-C ceramics showed higher creep displacement in contrast to HfO 2 /Si-C-N(O) ceramic nanocomposites. Since these ceramics were obtained by the solid state thermolysis of the polymeric precursor often an open structure is resulted. Though the reasons for the room temperature creep displacement are not very clear, the presence of open structure could be one of the possibility.
From the creep displacement, the room temperature strain rate sensitivity (m) was determined for these PDCs using the general flow equation modified for indentation deformation (Eq. (2)).
where, dε/dt is the strain rate, H is the hardness and s is the stress exponent. Eq. (2) was obtained by considering H in place of σ (uniaxial flow stress) in the general flow equation. Such an approximation is possible since as per Tabor's law, 23 H ≡ 3 σ and hence H and σ can be assumed to be linearly correlated. Henceforth, strain rate sensitivity was determined as per the expression, s = 1/m.
For the determination of dε/dt, the h -t plot was fitted as per Eq. (3).
11, 24
where, h t0 is the initial displacement at t = 0 s and a, b, c are the fitting constants. Upon fitting correlation coefficients of ∼0.98 was obtained. Subsequently, dε/dt was determined as per Eq. (4) where, h is the displacement during the constant load period. Fig. 2 shows the variation in creep rate with holding time for these PDCs. In all the cases, for the initial periods of load holding time the strain rates were found to be higher which tend to asymptotically reach a steady state of dε/dt < 0.003/s. For the determination of strain rate sensitivity the procedure as suggested in Ref. 11 was adopted. The new contact depths with increase in holding time were determined as per Eq. (5) 25
From the contact depths, the new contact areas were calculated using Eq. (1). Accordingly the hardness during the holding time was calculated as H = P max /A c , where A c is the new contact areas. The variation in strain rate with hardness is plotted as a double logarithmic plot (Figs. 3(a)-3(d) ) and from the instantaneous slope derived from the linear portion of this plot (stage 2) the steady state stress exponent was determined as per Eq. (2). Finally, the corresponding strain rate sensitivity values were determined.
The room temperature strain rate sensitivity values for these PDCs are provided in Table I and it can be inferred that strain rate sensitivity of HfO 2 /Si-C-N(O) ceramics was ∼ 3.7 × 10 −3 . However, for Si-O-C ceramics the strain rate sensitivity at comparable loads were observed to be marginally lower (m = 5.4 × 10 −3 ). Janakiraman et al. have done a similar study on SiCN PDCs produced by cast route and the strain rate sensitivity values were observed to range between ∼ 2 × 10 −3 and 8 × 10 −3 . The lowest was observed for amorphous SiCN ceramic and the value progressively increased with phase separation. Conversely, in contrast to these PDCs strain rate sensitivity of fused quartz (∼ 31 × 10 −3 ) 26 and soda lime glass were reported to be much higher (≥ 20 × 10 −3 ). 27 This difference could be attributed to the presence of stiffer Si-C bonds for both the ceramics. However, Material system SiOC1400 SiOC1500 SiHfCNO1400 SiHfCNO1500
Strain rate sensitivity ( close correlation in the flowability behavior was observed with that of amorphous hydrogenated carbonitride films. 17 The flow behaviour of these materials can be understood in terms of the cluster model proposed by Ohkawara et al. 17 The cluster model was initially proposed for hydrogenated SiC ceramics wherein successive dehydrogenation from the initial structure will result in a material with large collection of clusters. As the number density of the clusters increases, the flowability also improves because of the increase in the freedom of the movement of these clusters. The structure of HfO 2 /Si-C-N(O) ceramic nanocomposites consists of hafnia nanocrystallites of crystallite size ranging between 15 and 20 nm dispersed in an amorphous matrix of Si-C-N(O) matrix. The schematic of the structure of HfO 2 /Si-C-N(O) ceramic nanocomposite is shown in Fig. 4 and the X-ray diffractogram of the same is provided in Fig. 3 of Ref. 21 . The existence of amorphous matrix of Si-C-N(O) explains the limited flowability observed in HfO 2 /Si-C-N(O) ceramic nanocomposites even though the phase separation has occurred. In contrast, Si-O-C ceramics have slightly higher strain rate sensitivity value. In Si-O-C ceramics, the clusters after phase separation are made of Si-C and Si-O of crystallite size ranging between 3 and 5 nm (Please see Fig. 1 of Ref. 20) . The presence of these flexible Si-O clusters in contrast to stiffer covalent bonds of Si-C and Si-N in amorphous Si-C-N have resulted in the higher strain rate sensitivity of Si-O-C PDCs. In addition, the reason for the lower strain rate sensitivity of SiHfCNO1500 in comparison to SiHfCNO1400 can be explained in terms of the difference in the type of the clusters of hafnia. SiHfCNO1400 consists of only tetragonal hafnia, whereas SiHfCNO1500 consists of both monoclinic and tetragonal hafnia (Fig. 3 of Ref. 21) . While undergoing phase transformation from tetragonal to monoclinic hafnia volume expansion is experienced and this accounts to the limited flowability of SiHfCNO1500.
In summary, indentation creep behaviour was observed in HfO 2 /Si-C-N(O) ceramic nanocomposites and the creep displacement was lower for HfO 2 /Si-C-N(O) ceramic nanocomposites in contrast to Si-O-C ceramics at similar loads. Using the constant load method, the room temperature strain rate sensitivity values for these PDCs were determined. The cluster model was used to explain the limited strain rate sensitivity observed in HfO 2 /Si-C-N(O) nanocomposites. Moreover, the presence of stiffer bonds in the nanocomposite was also considered as the reason for the limited flowability. 
